Dark-field imaging has the potential to overcome limitations in computed tomography (CT) investigating relatively weakly absorbing material. However, an object-position dependence of the visibility loss in dark-field imaging is observed. This effect might be negligible for small objects, but, for acquisition geometries using fanangle apertures and field of views as those in human CT scanners, the object-position dependence of visibility loss has to be taken into consideration if the scattering structure within the object is in the range of the grating periods, i.e. micrometer. This work examines the effect of object-position dependent visibility loss in dark-field imaging experimentally, investigates its consequences and presents an algorithm which solves the corresponding reconstruction problem.
INTRODUCTION
Differential phase-contrast imaging (PCI) in the x-ray domain provides three physically complementary signals 1, 2 : the attenuation, the differential phase-contrast -related to the refractive index -and the dark-field signal -related to the total amount of radiation scattered into very small angles. In cases where different forms of tissue with similar absorption cross-sections are under investigation, e.g. mammography or angiography, the x-ray absorption contrast is relatively poor. Consequently, differentiating pathologic from non-pathologic tissue in an absorption radiograph obtained with a current hospital-based x-ray system remains practically impossible for many tissue compositions. Dark-field imaging has the potential to overcome the above-noted contrast limitation.
3, 4
One particular problem with dark-field imaging is that the signal creation process is quite complex (see Refs. 5, 6) and depends on the direction of the sample relative to the gratings. 7, 8 Another complication arises from one feature that has been mentioned parenthetically by Yashiro et al., 6 namely that the signal also depends on the position of the sample along the ray. To the best of our knowledge, this theoretically predicted feature has not been described experimentally. We will present experimental results on this observation in Sec. 2.1. A detailed experimental and analytical investigation of this effect is work in progress and shall be published elsewhere.
Of course, there is a desire to use the dark-field signal for tomographic reconstruction. However, there are currently only algorithms available, which make substantial simplifications in the description of the signal creation process: We are only aware of the use of the conventional filtered back-projection (FBP) approach for reconstructing dark-field images in computed tomography. 3, 9, 10 This approach explicitly ignores the dependence of the direction of the sample and is therefore valid only for isotropic materials. The approach also ignores objectdependence of the visibility loss along the beam, presumably because the authors were not aware of this not yet widely known feature. This second simplification limits the method further to situations where the parallel beam approximation holds, i.e., to cases with rather small fan angle. In this contribution, we demonstrate the influence of the object position in dark-field images if the scattering structure within the object is in the range of the grating periods, i.e. micrometer, by performing measurements (Sec. 2.1) as well as CT like simulations. Furthermore, we present two different algorithms which solve the reconstruction problem (Sec. 2.2) and apply these algorithms to simulated data (Sec. 3). 
METHOD
Most promising for medical applications is the grating-based phase-contrast imaging technique because of its use of conventional x-ray tubes and x-ray detectors (see Ref. 1) . Three gratings are needed to generate the signal information. The first grating (G 0 ) is an absorption grating and generates partially coherent x-rays, enabling the observation of interference phenomena. The second, phase grating (G 1 ) and the third, absorption grating (G 2 ) form the interferometer unit which is needed to analyze the wavefront modified by an x-rayed object. In order to sample the interference pattern with structure sizes around one micrometer, too small for conventional detector pixels to resolve, either G 1 or G 2 is translated in numerous steps over a multiple of the grating period. In Fig. 1 the signal sampling is exemplarily shown for translating the absorption grating G 2 in eight steps over one grating period p 2 . From two acquisitions with and without an object, the three physically complementary 
is the visibility in the presence of the object. As an exemplary result of a phase-contrast image acquisition Fig. 2 shows the absorption, the dark-field, and the differential-phase contrast images of a mouse. Because it offers the opportunity to overcome the intrinsically weak soft-tissue absorption contrast of x-ray imaging modalities, phase-contrast and especially dark-field imaging are the subject of active current research. However, there might be limitations which is shown in the following.
Experiment: Visibility loss in dark-field imaging
Our PCI setup consists of a conventional mammography x-ray tube (C340 V, 500 W, I.A.E Spa -Italy) and a Shad-o-Box TM 2048 detector (1024 x 2048 pixel array with 48 μm pixel spacing, Rad-icon Imaging Corp, USA). The distances between the gratings G 0 and G 1 are 825 mm and between G 1 and G 2 are 82.5 mm, respectively (see Figs. 3 and 4) . Twenty five layers of commercial post-it paper stripes are stuck together and are placed right in front the phase grating G 1 . A electron microscope recording revealed fiber structures with diameters in the micrometer range. A data acquisition is performed with a voltage of 37 kV and a current of 120 mA, respectively. While the phase grating is translated in 16 steps over one grating period, i.e. 0.338 μm per step, the object is x-rayed for 500 ms after each step. A second acquisition is performed in the same way without the object and the normalized visibility loss is calculated according to img σ = − ln(V /V 0 ). This procedure is repeated for increasing object distances with respect to the phase grating G 1 (see Fig. 4 ). It can be seen in Fig. 5 that the visibility loss decreases with an increasing object distance from G 1 in the direction to G 0 . Taking the x-axis interception A = 0.8715 and the slope B = −0.011, the interception of the regression line with the x-axis, i.e. y = 0, is calculated to x(y = 0) = |A/B| = 79.2 ± 14.7, where the error is given by a standard error propagation.
12 From this, it can be derived that the visibility loss should be zero in front of G according to
where d object is the distance of the object from G 1 towards G 0 . It is worth mentioning that the geometry of the experimental setup produces a fan-beam of x-rays.
If dark-field imaging is applied in CT, the effect of an object-position dependent visibility loss might be negligible for small objects. However, acquisition geometries using fan-angle apertures and field of views (FOV) as those in human CT scanners might suffer from the object-position dependence of visibility loss. This is investigated in more detail in the following.
Theory
First, we review briefly the basics of absorption contrast imaging: For the attenuation of the x-ray along a path the resulting intensity I follows Lambert-Beer's-Law (see also Fig. 6 , left):
where I 0 is the incoming intensity, L is the length of the x-ray path from the source through the object to the detector pixel, μ the linear attenuation coefficient, s the source position and n a unit vector along the representing the line integral of the attenuation coefficient along the path:
where img μ is independent with respect to the displacement of the object along n.
With dark-field imaging, the respective measured projections are scaled depending on the object position similar to attenuation contrast imaging, but the values of line integrals scale inversely with the distance from the source if the scattering structure within the object is in the range of the grating periods, i.e. typically micrometer. For dark-field imaging of such object details, this leads to a loss of visibility V along a path according to:
The material property σ denotes the scatter coefficient. In the following, we restrict ourselves to the case where the scattering is independent of the incident direction of the x-ray beam. In analogy to the attenuation coefficient but rather to a weighted line integral the following equation is given:
The aim of dark-field computed tomography is to reconstruct the spatial distribution of the scatter coefficient σ from a set of measurements of the dark-field signal img σ .
The factor l/L can be taken into account correctly into the reconstruction process straightforwardly if iterative reconstruction algorithms are used: Since the forward problem is linear even with the additional factor, any iterative reconstruction algorithm that solves a linear system, e.g. ART or SART, can still be used without modification to the algorithm -except of course that the correct forward model is used. Here, we will use an SART as an iterative reconstruction algorithm.
The situation is more complicated for filtered back-projection. The object-position dependence of visibility loss is not taken into account in conventional fan-beam FBP algorithms and the additional weighting l/L does not permit to use such algorithms to reconstruct the distribution of the scatter coefficient. Only in case the weighting factor changes little over the object's extend, for example if the object is very small compared to the distance L, the additional weighting can be approximated to be constant or dropped.
In the following, we derive a new FBP type algorithm that overcomes this limitation. The basic idea is to use information from complementary rays, i.e., rays, which are geometrically the same, but taken at opposite directions (see Fig. 6 ). In conventional CT, these rays are truly equivalent. However, in the case of dark-field imaging with the additional weighting, complementary rays no longer give necessarily identical results. Starting with:
where the primes indicate that the geometrical values relate to the complementary x-ray, we obtain
exploiting that by definition of the complementary ray, the relation n = − n holds true. Furthermore, L = L is assumed, e.g. for circular trajectories.
The source position for the complementary x-ray is somewhere on the ray s = s+λ n for some λ. Substituting this into Eq. (7), changing the variables l = λ − l and assuming that the scatter coefficient distribution outside the field of view is zero yields:
Summing img σ and img σ to
leads to the following equation which can be solved by using a conventional FBP algorithm to reconstruct the scatter coefficient distribution:
In practice, the dark-field signal will contain contributions from object features that scale with the position and contributions which do not. In this publication, we restrict ourself to the case of objects with scattering structures in the micrometer range.
In general, the weighting factor L/λ depends on the fan angle. We further note that there is one particular geometry, where this factor is constant, namely a geometry where the detector follows exactly the source path. This geometry is illustrated in Fig. 7 . Using this geometry would permit to take into account correctly the signal contribution which scale with the position and which do not. This is due to the fact that Eq. (10) boils down to a simple average, which is correct for both signal types. Unfortunately, the dedicated geometry has other disadvantages like inefficient usage of detector area and thus, it is unlikely being used.
Note that the FBP-type algorithm outlined here can be easily extended to helical acquisition if 360 degree interpolation is employed. However, it cannot be extended to cone-beam acquisitions since only very few rays are measured in a truly redundant manner. 
NUMERICAL SIMULATIONS AND RESULTS
The influence of the effect being investigated here on tomographic reconstruction is studied in simulations. The simulation was performed using a discrete blob-driven forward projection of a discrete version of the forbild head phantom (512 × 512). In addition to the standard blob-driven forward projection, each footprint was scaled with l/L according to Eq. (5). The effect of varying scaling within the blob was neglected since the blob-extend is more than two orders of magnitude smaller than the phantom. First, Fig. 8 illustrates, how a sinogram changes if the position-dependent scaling is taken into account during forward projection. The lower left figure shows the 21sugng Egb ok counsuIlousl Lb 2rgugsLq E66 0k gsLK-uslq Lb sinogram for a conventional forward projection (conventional FP) while the lower right figure depicts a sinogram for the dark-field forward projection (dark-field FP). Due to the position-dependent scaling, the contrast in the projection data is changed, most prominently visible for the frontal sinus (air cavity at the bottom of the phantom), which creates a dark sinusoidal trace in the sinogram. When the source is close to the cavity, its contrast is decreased (upper arrow) whereas it is increased if the source is far away from it (lower arrow).
Next, we study how the use of conventional FBP that ignores the position-dependent scaling influences image quality. The aim here is to show what kind of artifacts are expected if the position-dependent scaling is ignored during reconstruction. Fig. 9 illustrates that a standard filtered back-projection is not appropriate for the darkfield projection data (right image). In addition, the FBP reconstruction of conventional forward projected data is shown in the left image. For a fair comparison, the same settings for level and window, given in Hounsfield units (HU), are chosen to visualize both images with a dedicated viewer. These values are mentioned in the figure description even if the images do not represent real Hounsfield units. This holds true for all images in the following. The same comparison as in Fig. 9 is done in Fig. 10 for an SART reconstruction algorithm. Ten iterations with seven projections per subset were used. If the position-dependent scaling is ignored, the main structure of the artifact, namely a capping, is the same as in FBP. Of course, we expect that image quality degrades with increasing fan angle. Therefore, we simulated scanners with constant field of view, but different fan angles. Results of this simulation are shown in Fig. 11 . The upper row of the reconstructed images shows the result if the reconstruction of the dark-field signal is performed with a conventional FBP algorithm. Strong capping artifacts occur which are reduced at a smaller fan. The second row of FBP reconstructed absorption images shall demonstrate that there is no comparable effect for the attenuation signal. If the object-position dependent visibility loss is considered in the reconstruction algorithm, for instance by a proper SART, the dark-field signal is correctly taken into account and the capping vanishes (see lower row of reconstructed images in Fig. 11 ).
Similar simulations are also performed regarding the object position within the field of view (see Fig. 12 ). Again the upper row shows the reconstruction results of the dark-field signal with a conventional FBP algorithm. These images deploy a signal drop dependent on the object position. For comparison, the second row contains the FBP reconstructed absorption images. A correct SART of the dark-field signal leads to the images of the lower row in Fig. 12 . artifacts in the image. The effect is stronger for larger fan angles (Fig. 11 ) and for larger off-center positioning of the object (Fig. 12) . The observed object-position dependence of visibility loss in dark-field imaging can be explained by a combination of the following effects: first, as the transverse coherence length of the radiation decreases as the object approaches the grating G 0 , the scattering has less influence on the loss of visibility. In the limiting case where the scattering object is right in front of G 0 , no loss of visibility is seen, as typically the x-ray radiation tube sources can be considered as totally incoherent sources. This is in agreement with the extrapolation from our measurement data. Second, any distance between the scattering object and the grating G 1 causes free space propagation of the x-ray wave field leading to a spreading of the scattered radiation, hence dispersing the effect of scattering onto the visibility of the interference fringes. Finally, due to the Fresnel scaling theorem 13 relating the diffraction patterns of parallel beam geometry to the one of a radial beam geometry (as in our case), any diffraction pattern in the latter geometry gets scaled in intensity and stretched in position as the distance to the observation point (G 1 ) in our case increases. A detailed experimental and analytical investigation of how these effects work together is work in progress and shall be published elsewhere.
SUMMARY
Dark-field imaging overcomes limitations in, for example, CT investigating relatively weakly absorbing material. However, using fan-angle apertures and field of views as those in human CT scanners leads to capping artifacts in the reconstructed images. In this contribution, this scenario is considered and a dedicated reconstruction algorithm is developed taking into account the effect that two complementary x-rays are scattered in a different manner depending on the object position and the size of the scattering features within the object. The application of the described reconstruction algorithm eliminates such artifacts and may be used for dark-field imaging in human CT.
